The deleterious effects of air pollution on various health outcomes have been demonstrated. However, few studies have examined the effects of air pollution on liver enzyme levels. The effects of the air pollutants on the concentrations of three liver enzymes (aspartate aminotransferase [AST], alanine aminotransferase [ALT], and γ-glutamyltranspeptidase [γ-GTP)]) were evaluated using generalized additive and linear mixed models.
INTRODUCTION
Air pollution has been associated with increased morbidity and mortality [1] [2] [3] [4] [5] , insulin resistance [6] , systemic inflammation and immune injury [7] , and symptoms of depression [8] . Oxidative stress has been suggested as a major pathophysiological mechanism by which air pollutants adversely affect health [5, [9] [10] [11] [12] [13] [14] .
Several studies have associated oxidative stress and systemic inflammation with elevated levels of liver enzymes, includ-ing aspartate aminotransferase (AST), alanine aminotransferase (ALT), and γ-glutamyltranspeptidase (γ-GTP) [15, 16] . This is biochemically plausible because cytochrome P-450 enzymes, which play an important role in producing reactive oxygen species, are abundant in the liver [17, 18] .
Elevated levels of liver enzymes are independently associated with cardiovascular morbidity, metabolic syndrome, and diabetes mellitus [16, 19] . However, few studies have addressed the relationship between air pollution and liver enzyme levels, despite its potential clinical importance and biological plausibility; three animal studies have associated air pollution exposure with elevated liver enzyme levels or fatty changes of the liver [18, 20] , and one cross-sectional study has linked particulate matter ≤2.5 µm (PM2.5) to γ-GTP levels in humans [21] .
Modifiable lifestyle factors, such as regular exercise and alcohol consumption, have been demonstrated to affect individual antioxidant activity and baseline oxidative stress [22, 23] . Several studies have reported these effects in liver tissue [22, [24] [25] [26] . Therefore, it is possible that these lifestyle factors could modulate the effects of air pollution exposure on the liver, which is mediated by oxidative stress.
In the current study, we hypothesized that short-term exposure to air pollutants could induce subclinical liver damage and increase liver enzyme levels. We also investigated whether this effect can be modulated by exercise and alcohol consumption in an elderly population.
METHODS

Study Population
The Korean Elderly Environmental Panel study was conducted between 2008 and 2010 to evaluate the association between environmental risk factors and health outcomes in the elderly. A total of 560 participants who regularly visited a community welfare center in the Seongbuk-gu area of Seoul, Korea were recruited. The inclusion criteria for the study were being at least 60 years of age and being able to understand the study. Of the 560 participants, those with unavailable blood samples (n=12) and those with any type of viral hepatitis (n=2) or liver cancer (n=1) were excluded, resulting in a total of 545 participants whose data were analyzed.
Three surveys with blood sampling were performed during the study period, although some subjects did not participate in all three surveys. The first survey was conducted between August 2008 and December 2008, the second survey was conducted between April 2009 and September 2009, and the third survey was conducted between March 2010 and August 2010. Detailed information, including demographic characteristics, lifestyle factors, and medical history, was obtained by trained interviewers using a structured questionnaire. All participants submitted written informed consent, and the institutional review board (IRB) of Seoul National University Hospital reviewed and approved the study protocol (IRB no. H-0804-045-241).
Environmental Variables
Daily concentrations of PM2.5 and gaseous pollutants (nitrogen dioxide [NO2], ozone [O3], carbon monoxide [CO] , and sulfur dioxide [SO2]) were calculated from the 24-hour monitoring data of the Research Institute of Public Health and Environment, Seoul, Korea. The individual exposure of Seongbuk-gu residents to air pollutants was estimated with a monitor located in the center of the Seongbuk-gu area. The individual exposure of residents of other areas was estimated by use of the monitor nearest to their residential address. The average distance between a participant's residence and the nearest monitoring site was <1 km (Supplemental Figure 1) . Detailed information about the measurement method has been presented elsewhere [8] . Daily average temperatures and dew points measured at the monitoring center nearest each participant's residence were obtained from the Korea Meteorological Administration, Seoul, Korea.
Measurement of Liver Enzyme Concentrations
Blood samples (up to 3 mL) were collected and preserved at -70˚C until AST, ALT, and γ-GTP concentrations were determined via an autobiochemical analyzer (Hitachi 7600-II; Hitachi High-Technologies, Tokyo, Japan) using Pureauto S AST, Pureauto S ALT, and Pureauto S γ-GTP (Daiichi Pure Chemicals, Tokyo, Japan) as reagents.
Statistical Analysis
As the distributions of the three liver enzymes were rightskewed, their concentrations were natural log-transformed to approximate a normal distribution. Liver enzyme levels were measured up to three times for each participant. Since the observations for each participant were correlated, we assessed the effects of an interquartile range (IQR) increase of the concentration of each pollutant on AST, ALT, and γ-GTP levels using linear mixed models with random effects for each participant. The linearity of the association was assessed using generalized addi-Air Pollution and Elevated Liver Enzyme Levels tive mixed models. Delayed effects of air pollutants on liver enzymes were assessed by applying lag structures up to six days before each survey visit. In the single-day lag model, lag 0 corresponds to the pollutant concentration measured on the day of the visit and lag 6 corresponds to the pollutant concentration measured six days prior to the day of the visit. After the effects of each pollutant were evaluated individually, a multiple-pollutant model based on the air pollutants that were significantly associated with liver enzyme levels was constructed to assess the robustness of the pollutants' effects. All models were adjusted for potential confounders selected a priori, including age, sex, smoking status (information not available, smoker, ex-smoker, or non-smoker), mean temperature, dew point, season (March, April, May; June, July, August; September, October, November; or December, January, February), body mass index (BMI; weight [in kilograms]/height [in meters squared]), alcohol consumption (information not available, no, less than once a week, or once a week or more), and whether subjects engaged in moderate physical activity at least once a week (information not available, no, yes). Mean temperature, dew point, and season were included in the models as time-varying variables, while other covariates such as age, sex, smoking status, BMI, alcohol consumption, and physical activity status were included as time-independent variables.
A multiplicative interaction term between each air pollutant and covariate was added to the main model sequentially, and the significance of each interaction term (p<0.05) was assessed by the log likelihood ratio test. Stratified analyses were conducted for each covariate that showed significant interaction.
Several sensitivity analyses were performed. First, the delayed and cumulative effects of air pollutants on liver enzyme levels were explored using multi-day lag models and unconstrained distributed lag models, respectively. In multi-day lag models, lag 01, which corresponds to the moving average of pollutant concentrations measured on the day of the visit and the previous day, to lag 06, which corresponds to the moving average of pollutant concentrations measured on the day of the visit and the previous 6 days, were applied. In unconstrained distributed lag models, the cumulative effects of air pollutants over singleday lag periods were estimated and lag 0 to 1, which refers to lag 0 and lag 1 in the model, to lag 0 to 6, which refers to lag 0 through lag 6 in the model, were applied. Second, the association between air pollutants and liver enzyme levels was evaluated after restricting the analyses to the participants who reported that they did not drink alcohol. Third, all analyses were performed once more after weighing the follow-up observations by the inverse probability of having a follow-up response [27] , because selection bias can occur if the loss to follow-up is not random. The predicted probability of follow-up was estimated by logistic regression with covariates including age, sex, BMI, number of years of schooling, blood pressure, season, and outdoor temperature at the prior visit. A weight of 1 was given to the first observation, and more weight was given to followup observations that were more likely to be missing.
All analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA) and R version 3. 
RESULTS
Of the 545 participants, 73.9% were females, and the average age was 70.6 years. Among the participants, 85.5% had not Figure 2 ). The levels of the pollutants were highly correlated with each other, except for O3 (Supplemental Table 2 ).
We examined the association between air pollutants and liver enzyme levels using single-day lag models ( Table 2) . IQR increases in PM2.5 concentrations were significantly associated with elevated AST (strongest association in lag 3; 3.0% increase; 95% confidence interval [CI], 0.9 to 5.1%), ALT (lag 2; 3.2% increase; 95% CI, 0.3 to 6.2%), and γ-GTP (lag 3; 5.0% increase; 95% CI, 1.5 to 8.7%) levels. IQR increases in NO2 concentrations were associated with elevated AST (lag 2; 3.5% increase; 95% CI, 1.0 to 6.1%) and ALT (lag 2; 3.8% increase; 95% CI, 0.6 to 7.0%) levels. IQR increases in O3 concentrations were associated with elevations in γ-GTP levels (lag 4; 5.3% increase; 95% CI, 0.4 to 10.4%). The observed association between air pollutants and liver enzymes was almost linear in a generalized additive mixed model (Figure 1) .
The multiple-pollutant models constructed for PM2.5, NO2, and O3 showed a significant association of γ-GTP levels with IQR increases in PM2.5 concentrations (4.3% increase; 95% CI, 0.5 to 8.3%) when adjusted for NO2 and O3 concentrations. Marginally significant associations of AST levels with PM2.5 concentrations (2.1% increase; 95% CI, -0.1 to -4.5%) and NO2 concentrations (2.5% increase; 95% CI, -0.1 to -5.3%) were also observed (Table 3) .
When the interaction term between each air pollutant and covariate was added to the main model, the only significant interactions observed were the interactions of PM2.5 with physical IQR, interquartile range; AST, aspartate aminotransferase; ALT, alanine aminotransferase; γ-GTP, γ-glutamyltranspeptidase; CI, confidence interval; PM2.5, particulate matter ≤2.5 μm; NO2, nitrogen dioxide; O3, ozone; CO, carbon monoxide; SO2, sulfur dioxide; ppb, parts per billion; ppm, parts per million; BMI, body mass index. 1 Associations with AST are shown for NO2, O3, and CO on lag day 2 and for PM2.5 and SO2 on lag day 3. Associations with ALT are shown for SO2 on lag day 1; for PM2.5, NO2, and CO on lag day 2; and for O3 on lag day 5. Associations with γ-GTP are shown for NO2 and SO2 on lag day 1, for PM2.5 on lag day 3, and for O3 and CO on lag day 4.
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activity on AST levels (p=0.0388) and of alcohol consumption on γ-GTP levels (p=0.0082). When stratified by the covariates showing significant interaction with air pollutants, such as physical activity and alcohol consumption status, the effect size of PM2.5 on AST levels was larger in participants who did not engage in moderate physical activity at least once a week (5.4% increase; 95% CI, 2.3 to 8.5%) than in those who did (0.6% increase; 95% CI, -2.1 to 3.4%). Likewise, the effect size of PM2.5 on γ-GTP levels was larger in participants who drank at least once a week (20.1% increase; 95% CI, 6.3 to 33.8%) than in non-drinkers (2.8% increase; 95% CI, -0.8 to 6.4%) ( Figure 2 , Supplemental Table 3 ). The sensitivity of the results was tested in several ways. First, different lag structures were applied to assess the delayed and cumulative effect of air pollutants on liver enzyme levels. In both multi-day lag models (Supplemental Figure 3 , Supplemen- Models for AST were constructed using the values for NO2 and O3 on lag day 2 and PM2.5 on lag day 3. Models for ALT were constructed using the values for NO2 and PM2.5 on lag day 2 and O3 on lag day 5. Models for γ-GTP were constructed using the values for NO2 on day 1, PM2.5 on day 3, and O3 on day 4. All models were adjusted for age, sex, smoking status, mean temperature, dew point, season, body mass index, alcohol consumption, and amount of exercise. tal Table 4 ) and distributed lag models (Supplemental Figure 4 , Supplemental Table 5 ), the results were robust. Second, we assessed the association between short-term air pollution exposure and liver enzyme levels after restricting the analyses to non-drinkers (n =408), who were more likely to be female (85.3% for non-drinkers vs. 35.8% for drinkers) but had almost the same age distribution as drinkers (mean age of 71 years for non-drinkers vs. 70 years for drinkers). Among the non-drinkers, IQR increases in PM2.5 concentrations were associated with elevated AST (lag 3; 2.5% increase; 95% CI, 0.1 to 5.0%) and ALT (lag 2; 3.8% increase; 95% CI, 0.5 to 7.2%) levels, and IQR increases in NO2 concentrations were associated with elevated AST (lag 2; 5.1% increase; 95% CI, 2.1 to 8.1%) and ALT (lag 2; 5.8% increase; 95% CI, 2.2 to 9.5%) levels, showing almost identical results, although some associations were attenuated due to the small sample size. Third, after the follow-up observations were weighted by the inverse probability of attaining a follow-up response, substantial changes were not observed (Supplemental Table 6 ).
DISCUSSION
We found that liver enzyme levels were significantly associated with exposure to PM2.5 (AST, ALT, γ-GTP), NO2 (AST and ALT), and O3 (γ-GTP) concentrations. Multiple-pollutant models incorporating PM2.5, NO2, and O3, showed a significant association between PM2.5 and γ-GTP concentrations when adjusted for NO2 and O3 concentrations. However, the effect of air pollution on the liver can be reduced by modifiable lifestyle factors, such as regular exercise or less frequent consumption Figure 2 . The percent change in aspartate aminotransferase (AST), alanine aminotransferase (ALT), γ-glutamyltranspeptidase (γ-GTP) levels with an interquartile range increase in the concentrations of (A) particulate matter ≤2.5 µm, (B) nitrogen dioxide, and (C) ozone, stratified by physical activity and alcohol drinking. Exercise (+), moderate physical activity at least once a week; Exercise (-), moderate physical activity less than once a week; Alcohol 0, non-drinker; Alcohol 1, alcohol drinking less than once a week; Alcohol 2, alcohol drinking at least once a week; p-int, p-value for interaction. In the present study, only the oxidant-producing pollutants, PM2.5, NO2, and O3, showed a significant association with elevated liver enzyme levels. Inflammation in the respiratory tract, triggered by oxidative stress induced by these pollutants, can lead to subsequent systemic inflammation and affect various peripheral organs, including the liver. Previous studies have reported that short-term exposure to oxidant-producing pollutants such as PM10, NO2, and O3 increased symptoms of depression [8] and insulin resistance [6] . Our findings are in line with these reports and support the premise that oxidative stress mediates the toxic effects of air pollutants [14, 28] .
Elevated levels of liver enzymes, including AST, ALT, and γ-GTP, have been reported to independently predict cardiovascular disease [29-31], metabolic syndrome [32, 33] , and diabetes mellitus [34, 35] . These findings and ours suggest that the associations between air pollution and these conditions may be explained, at least in part, by common oxidative stress pathways. Since the current study only investigated the short-term effects of air pollution, future studies should focus on the long-term effects of air pollution on liver function and the biological pathways connecting air pollution, liver enzymes, and various adverse health outcomes.
In multiple-pollutant models based on the three pollutants associated with liver enzyme levels in single-pollutant models (PM2.5, NO2, and O3), only the significant association between PM2.5 and γ-GTP remained robust. This finding is consistent with a previous cross-sectional study showing a significant relationship between PM2.5 and γ-GTP [21] . Multiple-pollutant models also showed a statistical trend for associations of PM2.5 and NO2 with AST, as observed in the present study. Differences between the effects estimated from single-pollutant and multiple-pollutant models are commonly observed in air pollution studies [36] . The model-related discrepancies observed in the present study might reflect the high correlation of air pollutant levels or insufficient statistical power due to the relatively small sample size (n =545). Studies with larger sample sizes are needed to evaluate the independent effects of PM2.5, NO2, and O3 on liver enzyme levels.
The effect of air pollution on liver enzyme levels was smaller in participants who engaged in moderate physical activity at least once a week or consumed alcohol less than once a week or not at all. Regular exercise has been reported to decrease reactive oxygen species and oxidative stress in rat livers [24] . The increase in antioxidant activity and damage repair enzymes, caused by exercise in conjunction with an associated lower baseline of reactive oxygen species, is thought to occur through an adaptive process [37, 38] although the protective effects of regular exercise could be cancelled out by the increased exposure to air pollution, especially in highly polluted areas. Previous studies have also demonstrated that acute or chronic alcohol exposure can induce oxidative stress, which plays a major role in producing hepatocyte toxicity due to alcohol [23, 25, 26, 39] . Each participant's physical activity or alcohol consumption status affects individual rates of reactive oxygen species formation and antioxidant activity levels, thereby modifying the association between exposure to air pollutants and liver enzymes. The findings of the present study suggest strategies for preventing adverse health effects caused by air pollution, which have rarely been investigated.
Air pollutants such as PM2.5, NO2, and O3 cause oxidative stress through direct and indirect pathways [13] . Exposure to oxidant-producing pollutants that exceeds the antioxidant protective capacity of cells could cause inflammatory processes in the respiratory tract. This could lead to systemic inflammation and circulating inflammatory mediators, which in turn induce the additional generation of reactive oxygen species in peripheral tissue such as the liver [28] . In addition, PM2.5 can penetrate deeply into the alveoli, entering the pulmonary system and presumably the systemic circulation [7] , which could be another pathway to reach the liver and induce liver damage. The liver, which is the primary location of cytochrome P-450 enzymes, which are the primary generators of reactive oxygen species, might be vulnerable to these insults [17, 18] , and an association of oxidative stress and systemic inflammation with elevated levels of liver enzymes has been reported [15, 16] . Although these findings suggest a potential relationship between air pollution and liver damage, relatively few studies address the mechanisms underlying the relationship between air pollution and liver enzyme levels [18, 20] . Further studies dealing with biological mechanisms are warranted, as well as epidemiological studies.
Although several models in the present study showed a robust association between air pollution and elevated liver enzyme levels, several limitations should be noted. First, because the current study was conducted on individuals aged ≥60 years, the results might not be generalizable to younger people; it is possible that age modulates the effects of air pollution on liver enzyme levels. Second, we could not control for alcohol consumption over the period immediately preceding the study visit because this information was not collected. However, it is unlikely that daily changes in the concentration of air pollutants correlated with the daily alcohol consumption levels of each participant, and restricting the analyses to nondrinkers did not change the results appreciably. Third, the air pollution exposure of each participant was not measured directly, but estimated on the basis of monitoring data nearest to the residence of each participant. However, this methodology for estimating air pollution exposure seems reasonable because most of the study participants were retired or unemployed, and therefore, presumably spent most of their time at or near their homes.
In conclusion, short-term exposure to the air pollutants PM2.5, NO2, and O3 was significantly associated with elevated liver enzyme levels in an elderly population. However, this association was attenuated in participants who engaged in more physical activity or consumed less alcohol. Since a very large population is exposed to air pollution on a daily basis, the results of the present study are potentially important for public health despite the relatively small effect size. Close monitoring and continuous efforts to reduce air pollution level should be conducted. September, October, or November. 4 December, January, or February.
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Supplemental AST, aspartate aminotransferase; ALT, alanine aminotransferase; γ-GTP, γ-glutamyltranspeptidase; CI, confidence interval; PM2.5, particulate matter ≤2.5 µm; NO2, nitrogen dioxide; O3, ozone.
Supplemental Changes in liver enzyme levels by an interquartile range increase of air pollutants were estimated using a linear mixed model after adjusting for age, sex, smoking status, mean temperature, dew point, season, body mass index, alcohol consumption, and amount of exercise.
Supplemental Table 6 . Percent change in liver enzyme levels with an interquartile increase in the concentrations of air pollutants in single-day lag models 1 after inverse probability weighting for follow-up visits. Associations with AST are shown for NO2, O3, and CO on lag day 2 and for PM2.5 and SO2 on lag day 3. Associations with ALT are shown for SO2 on lag day 1; for PM2.5, NO2, and CO on lag day 2; and for O3 on lag day 5. Associations with γ-GTP are shown for NO2 and SO2 on day 1, for PM2.5 on lag day 3, and for O3 and CO on lag day 4. All models were adjusted for age, sex, smoking status, mean temperature, dew point, season, body mass index, alcohol consumption, and amount of exercise.
IQR
Supplemental Figure 1 . Map indicating the monitoring sites and address of the participants. Blue circle, monitoring sites; Red dot, address of the participant. Associations of particulate matter ≤2.5 µm (PM2.5), nitrogen dioxide (NO2), and ozone (O3) concentrations with alanine aminotransferase (AST), alanine aminotransferase (ALT), and γ-glutamyltranspeptidase (γ-GTP) levels in multiday lag models. The percent changes in the concentrations of AST, ALT, and γ-GTP by interquartile range increases of (A) PM2.5, (B) NO2, and (C) O3 were estimated by linear mixed models adjusted for age, sex, smoking status, mean temperature, dew point, season, body mass index, alcohol consumption, and amount of exercise. For details, see also Supplemental Table 4 . Figure 4 . Associations of particulate matter ≤2.5 µm (PM2.5), nitrogen dioxide (NO2), and ozone (O3) with alanine aminotransferase (AST), alanine aminotransferase (ALT), and γ-glutamyltranspeptidase (γ-GTP) in unconstrained distributed lag models. Percent changes in the levels of AST, ALT, and γ-GTP by interquartile range increase of (A) PM2.5, (B) NO2, and (C) O3 concentrations were estimated by linear mixed models adjusted for age, sex, smoking status, mean temperature, dew point, season, body mass index, alcohol consumption, and amount of exercise. For details, see also Supplemental Table 5 . 
